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In this paper, we study the dynamical behavior and quantum metrology in a rotating Nitrogen-
Vacancy(NV) center system which is subject to an external magnetic field. Based on the recently
realized rapid rotation of nano-rotor [J. Ahn, et. al., Phys. Rev. Lett. 121, 033603 (2018) and R.
Reimann, et. al., Phys. Rev. Lett. 121, 033602 (2018)], the frequency of the rotation is close to
that of the intrinsic frequency of the NV center system, we predict the quantum beats phenomenon
in the time domain and show that the quantum metrology can be enhanced by the superposition
effect in our system.
I. INTRODUCTION
The study of Nitrogen-Vacancy (NV) defect centers
has increased steadily ever since the scanning confocal
optical microscopy and magnetic resonance on individ-
ual NV defect centers was achieved in 1997 [1, 2]. Com-
pared with the other spin system, NV center brings many
advantages: (1) Long coherence time even in the room
temperature [3–5] which allows the system to accumu-
late signals over a long period of time and it is helpful
to improve measurement accuracy [6]; (2) It is easy to
initialize, operate and read [7], and so on.
Therefore, the NV center in diamond [8, 9] has at-
tracted a lot of attentions both theoretically and experi-
mentally. For instance, the temperature has an effect on
the longitudinal zero field splitting in NV center, which
has been applied to sensing biological cells [10], detec-
tion of temperature [11–15]; the lateral stress and the
electric field lead to lateral zero field splitting, so elec-
tric field [16–18] or crystal strain [19] can be measured
based on those features. Additionally, the external mag-
netic field will cause the Zeeman splitting, so detecting
the magnetic field [20–23] naturally adds to the poten-
tial applications of the NV center. An NV center in a
mechanically rotating diamond has brought the sensing
modalities into the rotating frame [24] and it is found
that the accumulated Berry phase can serve for the gy-
roscope [25–27]. Also, an ensemble of NVs in rotating
diamond have been used to explore the magnetic pseud-
ofields generated in the rotating frame [28].
We here study the dynamics of a NV center which is
subject to a rotating magnetic field vector and a me-
chanical rotation. Our results show that the quantum
beats phenomenon emerges with moderate magnetic field
strength and a proper rotation velocity. Furthermore, we
also discuss the behavior of the quantum Fisher informa-
tion (QFI) with respective to the angular velocity. We
find that the QFI will reach a relative large value in the
parameter regime where the dynamics is characterized by
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different frequency components. In other words, the su-
perposition effect is beneficial for enhancing the accuracy
of sensing to the rotation velocity.
The rest of the paper is organized as follows. In Sec. II,
we introduce the model and formulate the time evolution
operator for the rotating NV center system. In Sec. III,
we study the dynamics of the system and show that the
population will exhibit a quantum beats phenomenon.
In Sec. IV, we study the behavior of QFI to the angular
velocity. At last, we draw the conclusion in Sec. V.
II. MODEL AND HAMILTONIAN
Here, we apply the NV center to perform the quan-
tum metrology on the gyroscope, that is, to estimate the
angular velocity of the rotation. Neglecting the strain-
induced splitting, the Hamiltonian of a single NV center
is written as (hereafter, we set ~ = 1 )
H = DS2z + geµB ~B · ~S, (1)
where D = (2π)2.87 GHz is the zero field splitting be-
tween the |m = 0〉 state and |m = ±1〉 states, which will
be shortened as |0〉 and | ± 1〉 in the rest of this paper.
Sx, Sy, Sz are the conventional Pauli spin-1 operators.
ge = 2 is the ground-state Lande factor, µB = (2π)14
MHz/mT is the Bohr magneton, and ~B is the magnetic
field vector.
While a single NV center is placed in a rotating system
with the rotating angular velocity Ω, the Hamiltonian of
NV center becomes:
H(t) = DS′2z (t) + geµB ~B · ~S′(t). (2)
where S′z is associated with the rotation matrix D~n(Ωt),
with 
 S
′
x(t)
S′y(t)
S′z(t)

 = D~n(Ωt)

 SxSy
Sz

 . (3)
Here, ~n is the direction vector of the rotation axis. For
the sake of simplicity, we assume that the system is rotat-
ing counterclockwise about the z-axis. Then the rotation
2matrix D~n(Ωt) can be simplified to:
Dz(Ωt) =

 cos(Ωt) − sin(Ωt) 0sin(Ωt) cos(Ωt) 0
0 0 1

 . (4)
It’s worth mentioning that another operation which is
equivalent to D~n(Ωt) satisfies the following relation:
~S′(t) = R†~n(Ωt)
~SR~n(Ωt) (5)
where R~n(Ωt) = exp(−iΩt~n · ~S). On the other hand,
we consider that the system is subject to a magnetic
field characterized by constant field strength and rotating
along the z-axis, which can be written as:
~B = B(cos(ωt)~i + sin(ωt)~j) (6)
with B being the constant magnetic field strength.
It follows from Eqs. (2)-(4) and (6) that the time-
dependent Hamiltonian for the rotating NV center in the
rest reference frame is obtained as:
H(t) = DS2z + geµBB{cos(∆t)Sx − sin(∆t)Sy}.
(7)
where ∆ = Ω − ω. Therefore, it is equivalent to a mag-
netic field rotating around the z-axis counterclockwisely
with the effective angular velocity of ∆. In such a scheme,
we can measure ∆ to estimate angular velocity Ω of the
NV center. Moreover, the parameter ∆ is introduced into
the dynamics of the system due to the constant magnetic
field strength B.
Assuming the NV center at an arbitrary moment is
described by the wave function:
|ψ(t)〉 = a(t)|1〉+ b(t)|0〉+ c(t)| − 1〉, (8)
where a(t), b(t) and c(t) are the amplitudes for finding
the system in the state |1〉, |0〉 and | − 1〉, respectively.
The Schrodinger’s equation in the rest reference frame is
written as:
i
∂
∂t

 a(t)b(t)
c(t)

 =

 D Ae
i∆t 0
Ae−i∆t 0 Aei∆t
0 Ae−i∆t D



 a(t)b(t)
c(t)

 ,
(9)
where A = geµBB/
√
2. With the help of the transfor-
mation:
a(t) = a¯(t) exp(−iDt) exp(i∆t),
b(t) = b¯(t) exp(−iDt),
c(t) = c¯(t) exp(−iDt) exp(−i∆t), (10)
the Schrodinger’s equation will turn into another form:
i
∂
∂t
Y = MY, (11)
where
Y = (a¯(t), b¯(t), c¯(t))⊤ (12)
and
M =

 ∆ A 0A −D A
0 A −∆

 , (13)
is a time-independent matrix.
III. FOURIER SPECTRAL-DECOMPOSITION
AND QUANTUM BEATS
In the above section, we have outlined the dynami-
cal process for a single NV center yielding an external
magnetic field and a mechanical rotation. It is reported
recently that the rotation frequency of a nano-rotor can
be achieved by 1GHz [41, 42], which is in the same or-
der of the energy-level spacing of our system. Naturally,
during the evolution of our linear system, multiple fre-
quency components will be represented, which will in-
duce a quantum beat phenomenon under the appropri-
ate parameters. In this section, we will present the time
evolution of our system within diverse parameters.
Considering the nowadays experimental feasibility, we
prepare the system in the state |0〉 via the optical pump-
ing technology initially. The dynamical evolution can
be calculated by Eq. (11), but the analytical results are
cumbersome and we will present the numerical results in
what follows. The population of the system in the state
|0〉 is then obtained as:
P (t) = |b(t)|2 = |b¯(t)|2. (14)
To investigate the dynamics in a detailed way, we here
perform the numerical Fourier transformation from the
time domain to the frequency domain. It then yields
P¯ (ω) =
1√
2π
∫ ∞
−∞
P (t)e−iωtdt
=
1√
2π
[
K0δ(ω) +
∑3
i=1Kiδ(ω − ωi)
]
.
(15)
In Fig. 1(a), we plot the curves of the different fre-
quency components ωi (i = 1, 2, 3) versus ∆. Here, for
the sake of simplicity, we set the strength of magnetic
field as B = 5
√
2/14 T, so as A = 10 GHz. More-
over, in Fig. 1(b), we also plot the curves of amplitudes
Ki(i = 0 − 3) for different frequency components ver-
sus ∆. It is clear that the evolution of the system will
only show one frequency ω1 at ∆ = 0, that is, the effec-
tive magnetic field is at the x-axis. For a finite ∆, there
will be three frequency components in our system. In
particular, when ∆ ≈ 10.8 GHz, two of the above three
frequencies will be overlapped in such situations. In ad-
dition, when ∆ is big enough, the course of evolution
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FIG. 1: (Color online) (a) The frequency components ωi (i =
1, 2, 3) versus ∆. (b) The amplitudes K0, K1, K2 and K3 for
different frequency components versus ∆. The parameters are
set as A = 10GHz.
will cover two frequencies that have a similar amplitude
to each other.
To show the combining effect of the oscillations with
different frequencies, we plot the dynamical behavior
P (t) as a function of the evolution time in Fig. 2. As
shown in Fig. 2(a), when ∆ = 0, it shows a Rabi oscil-
lation with a single frequency, which is coincidence with
Fig. 1(b) in that K0 = K1 and K2 = K3 = 0. For
a moderate ∆(∆ ≈ 10.8 GHz), there is two frequency
components with equal frequency and large amplitude
difference, the dynamics is illustrated in Fig. 2(b). As
the further increase of ∆, the two participated frequency
components approach each other and it behaves as a beat
phenomenon as show in Fig. 2(c). The quantum beats
have been also predicted and observed in an ensemble of
Λ-type three-level atoms with nearly degenerate excited-
states and other quantum systems [29–36]. Moreover, the
quantum beats have been reported to be observed in NV
center system, which is subject to a periodical modula-
tion [37–39].
The optically detected magnetic resonance approach
supplies us a method to track the population evolution
of NV center triplet ground state. In the experiments,
people usually apply the laser to pump the NV center
from the ground state to its excited states, which are also
triplet and collect the fluorescence emitted by sponta-
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FIG. 2: (Color online) The probability P (t) versus the time
t. The parameters are set as A = 10GHz. (a)∆ = 0, (b)∆ =
10.8 GHz, (c)∆ = 40 GHz.
neous emissions [8]. A recent research shows that the 100
ps laser pulse for the pumping can be realized [40], and
therefore, the quantum beats phenomenon is expected to
be observed.
IV. QUANTUM FISHER INFORMATION
In the above section, we have illustrated the evolution
of our system and analyzed their frequency spectrum.
Motivated by the potential application for sensitive gyro-
scope based on our system, we will discuss the accuracy
of the parameter estimation by studying the QFI with
respective to the angular velocity Ω.
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FIG. 3: (Color online) The QFI FΩ versus the time t. The
parameters are set as ∆ = 20 GHz.
The QFI is a central quantity in the field of quantum
metrology and quantum estimation theory. It is intro-
duced by extending the classical Fisher information to
the quantum regime, and characterizes how sensitive of
a parameter estimation can be achieved by use of the
quantum source in a system. According to the quan-
tum Cramer-Rao inequality, the uncertainty δx in the
estimation for the physical parameter x is bounded by
δx ≥ 1/√νFx, where ν is the times of the independent
measurements and Fx is the QFI. A larger QFI corre-
sponds to a more accurate estimation to the parame-
ter [41–44].
For a general quantum state which is described by the
density matrix ρ, with the spectral decomposition ρ =∑M
i=1 pi|ψi〉〈ψi| (whereM denotes the number of nonzero
pi), the QFI is given by [45–48]
Fx =
M∑
i=1
(∂xpi)
2
pi
+ 4
M∑
i=1
pi〈∂xψi|∂xψi〉
−
M∑
i,j=1
8pipj
pi + pj
|〈ψj |∂xψi〉|2. (16)
In this paper, we input a pure state |0〉 initially, according
to the unitary evolution governed by Eq. (11), the final
state is also a pure state. As a result, the QFI in Eq. (16)
can be further reduced to
Fx = 4(〈∂xψ|∂xψ〉 − |〈ψ|∂xψ〉|2). (17)
Now, we investigate the QFI to the angular velocity
Ω, motivated by the potential application in quantum
gyroscope. Choosing the parameter A = 5 (10, 15) GHz,
we numerically obtain the QFI to Ω, and demonstrate it
in Fig. 3. It obviously behaves as a concussive growth
function with the evolution time. Furthermore, numeri-
cal fitting results are also exhibited by the dotted lines.
The data fittings show that they yield quadratic forms
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FIG. 4: (Color online) The QFI FΩ versus ∆, The parameters
are set as t = 10 ns.
as:
FΩ(t) ≈ 0.1764t2 − 0.3514t+ 2.0064, A = 5GHz;
FΩ(t) ≈ 0.0449t2 − 0.0888t+ 2.0013, A = 10GHz;
FΩ(t) ≈ 0.02t2 − 0.0404t+ 2.0082, A = 15GHz. (18)
In other words, the QFI FΩ(t) shows an approximation
of quadratic functions.
Furthermore, for a fixed time t = 10 ns, the QFI to Ω is
plotted as a function of ∆ in Fig. 4, where the blue (red,
green, brown) line is plotted at A = 5 (10, 15, 20) GHz.
In the gray region of the figure, we observe that the QFI
are relatively larger than other regions. We also observe
from Fig. 2(b) that the non-zero frequency component
owns relatively large amplitudes in this regime. There-
fore, the superposition of non-zero frequency oscillation
is beneficial for parameter estimation.
V. RESULTS AND DISCUSSIONS
In this paper, we have investigated the dynamics and
quantum metrology in a NV center system which is
subject to a rotation and external magnetic field vec-
tor. Benefited from the realization of rapid rotation of
nano-mechanical rotor, the frequency of the rotation is
achieved by GHz, which is in the same order with the
intrinsic characteristic frequency of the NV center. We
find that the superposition of oscillations will enhance
the accuracy of parameter estimation.
In our scheme, the magnetic field is rotated around the
same axis as the mechanical rotation of the NV center.
As a result, the system is equivalent to be subject to an
effective magnetic field with modified frequency. Our re-
sults show that, the QFI can be enhanced by adjusting
the amplitudes of the magnetic field. We hope that our
metrology scheme with the assistance of tunable mag-
netic field can be useful for the designing of gyroscope
based on solid state spin system.
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